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Abstract 
A novel fast neutron imaging method with Time-of-Flight was analyzed, which can provide a way to improve ratio of signal to 
noise for discrimination of scattered particles from the background, especially for bulky sample examination. For the same 
system spatial resolution, the length of each unit in scintillator detector array can be increased to improve detection efficiency, 
which is higher than for the traditional neutron image plate obviously. Key parameters such as detection efficiency and spatial 
resolution have been simulated by means of a Monte-Carlo method, and the ratio of signal to noise effect was estimated from 
MC and experimental results. Spatial resolution and contrast of compound sample have been calculated. 
© 2015 The Authors. Published by Elsevier B.V. 
Selection and peer-review under responsibility of Paul Scherrer Institut. 
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1. Introduction 
Due to good penetration of fast neutron through high-Z materials and large cross section of interaction, fast 
neutron radiography is believed to be capable of detecting structures in thick objects of large size. Thus, fast 
neutron radiography can be applied widely (Vontobel et al., 2004; Hall et al., 2006; Eberhardt et al., 2006; Allman 
et al., 2006; Hall et al., 2001; Mikerov et al., 2001). However, fast neutron radiography has not industrial standard. 
This is caused by two reasons as followed: the first one is the lack of transportable neutron sources with high flux 
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and small spot size. Some labs(Hiraota et al., 2010; Zboray et al., 2011; Ludewigt et al., 2011) have developed 
compact neutron accelerator, but these were short of experimental support of fast neutron imaging; the second one 
is the lack of measurement methods of high spatial resolution and high detection efficiency combined with high 
ratio of signal to noise(SNR) for bulky sample examination. For decades, some groups have carried out 
investigations of fast neutron radiography and tried to resolve the latter (Yoshii et al., 1996; Ambrosi et al., 1998; 
Ambrosi et al., 1998). However, their results show that the best spatial resolution (Dangendorf et al., 2004; 
Dangendorf et al., 2006) of a scintillator detector is on the level of mm magnitude, and its detection efficiency is 
lower than 3%. The fixed spatial resolution is 10~100ȝm magnitude which based on GEM/MicroMegas detector, 
but its detection efficiency is lower than 0.1%.. 
In this paper, for the sake of measurement with high spatial resolution and detection efficiency combined with 
high ratio of signal to noise, a new scintillator detector array concept based on the Time-of-Flight (TOF) technique 
is presented for fast neutron imaging as a practical method. The neutron TOF method is a useful way for neutron 
energy spectrum measurement because of the better energy resolution compared to others, so it can effectively 
decrease background. In fast neutron imaging, the collimated mono-energy source neutron beam penetrates the 
bulky sample, some neutrons could be scattered by the sample, whereby their energies can decrease. The TOF 
method can discriminate these scattered neutrons from mono-energy source neutrons. As shown in table 1, SNR is 
defined as the ratio of 14MeV source neutrons to scattered neutrons for different thicknesses in polyethylene and 
iron samples. The result was obtained from MCNP simulations. 
Table 1. Ratio of 14MeV source neutrons/scattered neutrons for different thicknesses  
thickness 0cm 5cm 10cm 
Polyethylene 16.79  9.77  6.11  
Iron 16.79  4.65  1.77  
When the sample doesn’t exist (the thickness of sample is 0 cm), SNR is about 16.79 which means 5.6% 
(1/16.79) neutrons were scattered by air in the MCNP model. If the thickness of a polyethylene sample is 10 cm, 
SNR is about 6.11 which means 14.1% (1/6.11) neutrons were scattered by air and polyethylene. If the thickness of 
an iron sample is 10 cm, SNR is about 1.77 which means 56.5% neutrons were scattered by air and iron. Obviously 
the sample is thicker, the noise is higher. Neutron TOF method can select source neutron signal for image. 
In the following sections, principle of the scintillating detector array, TOF method and simulation of detector 
character are introduced respectively.  
2. Detector description & arrangement 
Fig. 1 shows the experimental arrangement of fast neutron radiography with scintillator detector array based on 
the TOF method. Out experiment has a long flight path (approximately 6 m), which can be used to decrease the 
background of neutrons scattered by the samples. L/D=600 means approximately parallel neutron beam at the 
sample position. Such an experimental arrangement is a good solution to decrease geometric uncertainty. In the 
end, different magnification ratios and mm magnitude spatial resolutions can be realized by changing the distance 
from neutron source to sample combined in the experimental arrangement. Here the scintillation detector array 
consists of 16h16=256 units and each independent scintillator unit is a 3mmh3mmh100mm plastic scintillator 
of BC400 type which is based on polyvinyltoluene covered with an aluminium film thickness of 2 ȝm. This 
geometric design is enough to avoid the effect of crosstalk for recoiled protons which are generated by 14MeV 
neutrons. Each scintillator couples to a unit of position sensitive PMT (PSPMT) unit respectively, which can 
generate an anode signal as the stop signal of the TOF method, the corresponding start signal is the pulsed pick-up 
signal from the accelerator. The position sensitive PMT is an Hamamatsu H9500 type, which has an 16h16 multi-
anode and fast time response. Each independent scintillator with aluminium film has a high detection efficiency 
and different units have no photon crosstalk (see Fig. 2).  
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Fig.1 Scheme of experiment arrangement, where the distance from the pulsed neutron source to scintillating detector array L is 6000 mm, and 
the smallest diameter of collimator D is 10mm.   
Fig.2 Plastic scintillator array scheme. (a) photo of Hamamatsu H9500 PSPMT and its number definition of each unit; (b) geometry of plastic 
fibre, 5 faces were covered with 2 ȝm aluminium film, the end face(3mmh3mm) was left for coupling with PMT; (c)all 16h16 fibres coupled 
to the H9500 as a detector array. 
The 600kV Cockcroft-Walton accelerator constructed at CIAE could provide ~1010/s pulsed neutrons with 
14MeV with the frequency of 1.5MHz and a pulse width of about 2~3 ns. 14MeV neutrons were produced by the 
T(d,n)Į reaction. The target is solid tritium in titanium metal on a molybdenum pad. The tritium density is above 
1mg/cm2. The diameter of the neutron source spot is 3~5 mm. The deuterium beam current can attain 30ȝA under 
pulsed mode so that the corresponding neutron yield is about 8h109/s.  
Figure3 shows the design of the readout electric circuit. Each unit can generate a fast signal from corresponding 
anode when neutron collides with detector. The discriminator can generate a time signal to discriminate neutron 
signal whether directly come from DT target or scattering neutron. There are two outputs, one for the address 
encoder and its register, the other for an " OR " logical unit as TOF start signal. TOF stop signal comes from 
delayed pulsed signal of accelerator. The result is the corresponding address number add 1 because the TDC 
generates one effective TOF count in the DAQ. 
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Fig.3 Readout electric circuit diagram 
TDC: Time-to-Digital Converter; DAQ: Data Acquisition 
Figure 4 shows a typical TOF spectrum of DT neutron source measured directly by a liquid scintillation 
detector. The gamma peak and neutron peak can be obviously discriminated from TOF spectrum. Because source 
neutrons with 14MeV are only present in neutron peak and the scattered neutrons are distributed over the flat 
region, the background of scattered neutron can been reduced by TOF method. Considering the considerable flight 
distance and shielding effect, the uncertainty of background reduction can be controlled below 1% when the 
density of sample is about 50g/cm2. The SNR can be changed from about 100:50 to 100:1.  
Fig.4 A typical Time-of-Flight spectrum measured directly from the liquid scintillator of the pulsed DT source where the FWHM of the neutron 
peak and gamma peak are 2.42 ns and 2.09 ns, respectively. 
The count rate depends on the length from neutron source to detector and the detection efficiency. For a better 
energy resolution of the neutron TOF spectrum and for a high SNR, a long path is required. In table 1, the SNR of 
neutrons through an iron sample of 10cm thickness is about 1.77, which means source neutrons is 1.77 times of 
scattered neutrons. The scattered neutrons are dispersed in left of neutron peak because of lower energy.  
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The neutron flight path is 6m and the detector thickness is 100 mm, then the intrinsic efficiency at the threshold 
above 2MeV is 20% for the case of 14MeV incident neutrons. When the source neutron yield is ~1010/s, the count 
rate of each unit is about 40Hz. If the measuring time is 20s, the count is 800 and the statistical deviation is about 
3.5% for the sake of high SNR.  
3. Spatial resolution and contrast of detector 
The lengths from sample and scintillating detectors to the neutron source are 1m and 6m respectively. Thus, the 
magnification ratio is about 6. In the simulation, the first sample is made of iron and its thickness is 50 mm. There 
is a structure flaw of 30mm×ĭ1mm in the sample used in simulation. The simulation result in such a geometric 
arrangement is given in Fig. 5. It is shown that 1 mm spatial resolution can be obtained. The minimum spatial 
resolution is about 0.5 mm under considering the count rate and each unit dimension of about 3 mm.  
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Fig.5 Magnification factor for the experimental arrangement where the lengths from sample and scintillating detectors to neutron source are 1m 
and 6m, respectively and sample has a structure flaw of ĭ30mm×ĭ1mm from MCNP simulations.  
The detection efficiency is also an important factor for fast neutron imaging and will determine the measuring 
time. Assuming that each “pixel” is an independent unit and has no optical and recoiled proton crosstalk, a very 
high efficiency can be theoretically obtained when increasing the length of scintillator. We performed the 
simulation of detection efficiency of the scintillator with varying length by using NEFF program from PTB 
(Physikalisch-Technische Bundesanstalt). The detection efficiency simulation results are shown in Fig. 6. The 
longer the scintillator is, the larger is the efficiency of each unit.  
The neutron multi-scattering effect has been also simulated by MCNP. It depends on the length of the 
scintillator, as shown in Table2. The point neutron source emits in one direction only to one fibre directly. Neutron 
can impinge on that fibre only, or multi-scatter in other 255 fibres. There is a higher SNR for short scintillators 
with low efficiency. As the length increases, the SNR decreases but smoothes out gradually to 20cm about 
SNR=4.2. This means that there are about 23.8% (1/4.2) is multi-scattered neutrons in the TOF spectra. Multi-
scattering happened in the detector array, so it cannot be eliminated by the TOF method. Considering 5% of 
statistical error with background of 19% multi-scattered neutron all from detector neutron cross talk, 800 counts are 
needed in each unit which means about 20s measuring time under 1010/s of neutron source yield. 
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Fig.6 The simulation for detection efficiency corresponding to scintillator with various length  
Table 2. The simulation of neutron multi-scattering in scintillators with various lengths 
Length of 
scintillator/cm 1 2 3 4 5 6
SNR 14.25 9.52 7.78 6.85 6.16 5.61 
Length of 
scintillator/cm 7 8 9 10 15 20
SNR 5.26 4.91 4.77 4.66 4.40 4.20 
In order to further verify the feasibility of this experimental set-up, we have used MCNP to simulate images of 
the second sample. As shown in Fig. 7(a), the second sample was designed with two materials of iron and 
polyethylene. 
Different materials and a distinct stepwise structure of the sample are used for comparison of contrast. The 
width of the stepwise structure can reflect the minimum spatial resolution. Here it is 1mm width in the sample. 
There is a 16h16 units plastic scintillator array 6 meters away from neutron source. Each unit geometry is 3mmh
3mm, 6mm length will cause 2~3 units response. Each unit will be defined as one detector for MCNP simulation. 
For the system can select source neutron by neutron TOF method, the scattering part will be discriminated in 
MCNP result which can reflect the real neutron TOF experimental process. Fig.7(b) gives the simulated two 
dimensional image result from MCNP. The sample in shown in fig.7(a). We can see that the counts in the longest 
step position is lowest due to the least probability of neutron transmission shown in A-B of fig.7(b), the counts in 
the shortest step position is high due to the highest probability of neutron transmission to iron shown in C-D of 
fig.7(b), the counts in the position of polyethylene is higher due to higher probability of neutron transmission to 
polyethylene compared with iron shown in E-F of fig.7(b), the counts in the position of no sample is the highest 
due to neutron direct transmission to sample. So the two dimensional image simulation result can correctly express 
the structure of sample designed. From Fig.7, we can also see that 1cm contrast sensitivity and 1mm material width 
can be obtained. It is required to shrink the size of each detector unit or increase length of neutron flight to acquire 
higher spatial resolution. 
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Fig.7 (a) Stepwise structure of sample made of iron and polyethylene where the longest step is 30mm and the shortest step is 10mm;(b) two 
dimensional image simulation result from MCNP where the highest counts correspond to hollow parts in the sample and the lowest counts 
correspond to the longest step parts.   
4. Summary and conclusion 
The performance of a scintillating detector array based on the TOF method was analyzed using Monte-Carlo 
methods. The simulation results show that fast neutron radiography with a scintillating detector array based on 
Time-of-Flight method can raise the SNR greatly from 100:50 to 100:1 for a bulky sample, obtain spatial resolution 
of mm even sub-mm magnitude and high detection efficiencies of over 10%. The neutrons can directly be 
measured by the scintillating detector array, and higher detection efficiency can be obtained than that of case of 
neutron converter+CCD design because of the PSPMT structure in detectors. About 20 seconds of scan time for 
one area measurement is enough to determine whether there is a flaw in a sample under 1010/s pulsed neutrons 
yield or not. It is a speedy method of fast neutron radiography. The method will be well suited to non-destructive 
examination of known structure sample with unknown interior defects.  
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